Objective: The goal of this study was to evaluate the ability of a threshold measure, made with a restricted electrode configuration, to identify channels exhibiting relatively poor spatial selectivity. With a restricted electrode configuration, channel-to-channel variability in threshold may reflect variations in the interface between the electrodes and auditory neurons (i.e., nerve survival, electrode placement, and tissue impedance). These variations in the electrode-neuron interface should also be reflected in psychophysical tuning curve (PTC) measurements. Specifically, it is hypothesized that high single-channel thresholds obtained with the spatially focused partial tripolar (pTP) electrode configuration are predictive of wide or tip-shifted PTCs.
INTRODUCTION
The design of multichannel cochlear implants takes advantage of the tonotopic organization of the cochlea, mapping the spectral information in an acoustic signal to an array of stimulating electrodes. In response to a stimulus, the spatial distribution of auditory nerve fibers activated by each channel contributes to the perception of that stimulus. Previous modeling, physiology, and psychophysical studies have suggested a number of factors that can affect the tonotopic extent of auditory nerve activation (physiological -van den Honert and Stypulkowski 1984; Bierer & Middlebrooks 2002; psychophysical -Pfingst & Xu 2004; modeling -Hanekom 2005) . Perhaps, the best understood of these factors is electrode configuration (Jolly et al. 1996; Kral et al. 1998) , which determines how current flows between electrodes for a given implant channel. Poor surgical placement of the implant (Cohen et al. 2003; Wardrop et al. 2005a,b) , electrode insertion depth (Gani et al. 2007; Kos et al. 2007; Skinner et al. 2007; Finley et al. 2008) , and fibrous and bony tissue growth around the electrode array (Spelman et al. 1982; Hanekom 2005) may also have profound effects on current flow in the cochlea. Any of these conditions, or a combination of them, may increase the effective distance between an electrode and its closest responsive auditory neurons and thus degrade the selectivity of that electrode. Another condition that may increase the electrodeto-neuron distance is the variable patterns of spiral ganglion degeneration (Hinojosa & Marion 1983; Nadol et al. 2001 ). If such impaired electrodes could be readily identified, the clinical mapping procedure could be tailored to minimize their adverse effect on listening performance. This study shows that implant channels exhibiting relatively wide psychophysical tuning patterns-implying an impairment of spatial selectivity-may be detected by measuring thresholds using a spatially focused electrode configuration.
Modern cochlear implants primarily use the monopolar (MP) electrode configuration, which consists of an active intracochlear electrode and a remote, extracochlear return. On the basis of electrostatic principles, this configuration produces a relatively broad electrical field in the cochlea (Jolly et al. 1996; Kral et al. 1998 ). More restricted electrical fields require an arrangement of two or more intracochlear electrodes to act as current sinks and sources. Examples include bipolar (BP), which is used clinically, quadrupolar or tripolar (TP) (Jolly et al. 1996; Kral et al. 1998; Litvak et al. 2007) , and various phased-array configurations (van den Honert & Kelsall 2007) . Phased-array configurations sharpen electrical fields by counterweighting several return electrodes relative to the active electrode. Physiological studies revealing the extent of activation in the auditory system to cochlear implant stimulation are generally consistent with electrostatic predictions. For instance, the TP configuration has been shown to be more tonotopically restricted than BP, which in turn is more restricted than MP (Kral et al. 1998; Bierer & Middlebrooks 2002; 2004; Snyder et al. 2008; Bonham & Litvak 2008) . Several lines of psychophysical evidence, including simultaneous channel interaction de Balthasar et al. 2003; Bierer 2007 ) and cross-channel masking (Chatterjee et al. 2006; Nelson et al. 2008) , provide additional support for the improved spatial selectivity of focused configurations.
A recent study by Bierer (2007) suggests that the TP configuration is sensitive to factors within the cochlea that can degrade transmission of information to the auditory nerve. Thresholds obtained with the TP mode exhibited substantial variability from channel to channel. Somewhat less channelto-channel variability was observed, on average, with the BP configuration, and the lowest variability in all subjects was observed with the MP configuration. One interpretation of these findings is that those channels with increased TP thresholds had a poor electrode-to-neuron interface, whether due to the loss of nearby spiral ganglion neurons, the placement of electrodes far from the osseous spiral lamina, or other factors; threshold perception for those channels could be reached only when the current was high enough to stimulate distant, but viable, portions of the spiral ganglion. In contrast, the smaller channel-to-channel variability observed with the MP configuration (and to a lesser degree than the BP configuration) was presumably due to its broader electrical field, which could stimulate distant neurons with only a small increase in current. The Bierer study further showed that listeners with poorer word recognition were those with highly variable thresholds with TP. However, no attempt was made to implicate any particular high-threshold TP channel as contributing to a functional impairment. This study was designed to explore whether such a relationship exists by comparing TP threshold measures and psychophysical tuning curves (PTCs).
In acoustic hearing, PTCs are used to evaluate the frequency selectivity of the auditory system. Moore and Alcantara (2001) measured PTCs in hearing-impaired subjects to assess the location and extent of cochlear "dead regions," defined as an area of inner hair cell loss and/or spiral ganglion neuron damage. The PTCs were obtained using narrowband sounds of varying center frequency to mask a pure-tone probe with a fixed frequency and level. In normal-hearing listeners, the tip of each PTC closely approximated the probe frequency. In contrast, for hearing-impaired listeners, the PTC tip at some probe frequencies was shifted basally or apically, consistent with the activation of auditory neurons at the edge of a dead region. Moore concluded that PTCs are a sensitive diagnostic tool for identifying irregularities in hearing across frequencies, even when pure-tone audiograms do not reveal a localized deficit.
Studies of cochlear implant listeners suggest that PTCs are also sensitive to localized cochlear factors affecting electrical hearing. Nelson et al. (2008) observed tip-shifted and broader tuning curves in some subjects. Similar to the acoustic forward masking studies of Moore, they interpreted these PTC shapes as possibly reflecting localized spiral ganglion loss. However, only one channel was evaluated per subject, and therefore, changes in tuning properties across the array could not be assessed. In other studies, in which PTC or forward masking patterns were measured on multiple channels for each subject, significant channel-to-channel variability of tuning width and shape was observed, especially with a focused configuration (Chatterjee et al. 2006; Hughes & Stille 2008) . However, a direct relationship between tuning properties and single-channel thresholds was not explored. As discussed above, thresholds measured with the TP configuration also exhibit significant variability across the implant array of an individual listener. If high TP thresholds and tip-shifted or broad tuning reflect the same underlying cochlear conditions, some correlation between these metrics might be expected. For example, the additional current required for a high-threshold TP channel to achieve perception (compared with a channel with a lower threshold) implies that neurons relatively distant to that channel's nominal place along the cochlea would be stimulated because of longitudinal current spread. If the channel is the probe channel in a forward masking task, at least some remote channels would make effective maskers, leading to broad or tip-shifted tuning curves. In addition, the restricted current spread of the TP configuration should make it an effective probe stimulus for measuring PTCs, which, in theory, are more sensitive to local factors if the extent of auditory nerve activation is limited (Moore & Alcantara 2001; Kluk & Moore 2006; Nelson et al. 2008) .
Despite the potential advantage of the TP configuration to identify channels with a poor electrode-neuron interface, its practical application is limited because of its relatively high current requirements, a trade-off that has been well documented (Spelman et al. 1995; Kral et al. 1998; Mens & Berenstein 2005; Bierer 2007) . A relatively novel electrode configuration, partial tripolar (pTP), has been proposed as one way of balancing current spread and current level requirements (Mens & Berenstein 2005; Jolly et al. 1996; Litvak et al. 2007) . pTP is a hybrid of the MP and TP configurations, whereby a fraction of the return current is delivered to the flanking electrodes, whereas the remainder flows to the distant extracochlear ground. A fraction of zero is equivalent to MP (all current is directed to the extracochlear electrode), whereas a fraction of one is TP (no current is directed to the extracochlear electrode; Fig. 1 ). In this study, single-channel pTP thresholds were measured using the largest current fraction that allowed The current path from active to return electrode(s) is represented by the arrows. The magnitude of current at the active electrode, -i, indicates that biphasic pulses were delivered cathodically first. For monopolar (top), the return current is delivered to an extracochlear return electrode located in the case of the internal device; for TP (middle), the return current is equally divided and delivered to the two flanking intracochlear electrodes. For pTP (bottom), a fraction () of the return current is directed to the extracochlear return electrode.
threshold measurements across all channels for each subject. To test the hypothesis that a focused configuration can predict which channels have impaired spatial selectivity, PTCs were obtained for probe channels corresponding to the lowest, median, and highest pTP threshold channels for each subject. The effect of configuration on PTC characteristics was tested by applying both the pTP and MP configurations for the probe channel stimulus. Together, these methods offer a promising approach to identify cochlear implant electrodes that may be functionally impaired by spiral ganglion loss, poor electrode placement, or other factors.
SUBJECTS AND METHODS

Subjects
Five adult cochlear implant listeners, four women and one man, participated in this study. The subjects, ranging in age from 30 to 74 years, were all native speakers of American English who had become deaf postlingually. All participants wore a HiRes90k implant with a HiFocus 1J electrode array (Advanced Bionics Corp., Sylmar, CA) having a center-tocenter electrode distance of 1.1 mm, and all had at least 9 months of experience with their implants. Details about individual subjects can be found in Table 1 . The speech perception scores shown in Table 1 are from the most recent standard clinical visit (within 3 mo of the beginning of the experiment) for each subject. The subjects made between eight and 13 visits to the laboratory (2-to 4-hr long visits) to complete the data collection. Each participant provided written consent, and the experiments were conducted in accordance with guidelines set by the Human Subjects Division of the University of Washington.
Stimuli
Biphasic, charge-balanced (cathodic phase first on the active electrode) pulses were presented with 102 sec per phase and at a rate of 980.4 pulses/sec. The active electrode and the return electrodes that complete the current loop are called a "channel." Channel numbers denote the position of the active electrode on the implant array and, for this experiment, ranged from 2 (apical) to 15 (basal).
The electrode configurations used include MP, TP, and pTP at various current fractions (Fig. 1) . The MP configuration consists of a single active intracochlear electrode and an extracochlear return electrode. The TP electrode configuration consists of an intracochlear active electrode, with the return current divided equally between each of the two nearest flanking electrodes. The pTP configuration is similar, but only a fraction of the return current, represented by "," is delivered to the flanking electrodes; the remainder flows to the distant extracochlear ground. Therefore, a of 0 is equivalent to MP (all current is directed to the extracochlear electrode), and a of 1 is equivalent to TP (no current is directed to the extracochlear electrode). In this article, MP and TP channels are often referred to as pTP channels with fractions of 0 and 1, respectively.
The stimuli were delivered to the implant using a clinical interface controlled by the Bionic Ear Data Collection System, version 1.15.158 (Advanced Bionics). All stimulation levels used were within the current levels supported by the implant. On the basis of the clinically measured impedance values, the maximum compliance limits were calculated at the beginning of each test session (Advanced Bionics, personal communication). The compliance limit was defined as the maximum voltage supported by the device (8 V) divided by the impedance.
A personal computer, which was used to run the Bionic Ear Data Collection System software, communicated with the clinical interface through a dedicated Platinum Series Processor. The same computer was used for online data collection through subject response using a computer mouse. Subjects were given practice sessions when new tasks were introduced until they became familiar with the task. They did not receive trial-by-trial feedback.
Data analysis and plotting was mainly performed in units of decibels (relative to 1 mA) throughout this study because the proportional changes in current between conditions are emphasized. The dynamic range was also highly variable from channel to channel and from subject to subject, making a logarithmic scale more suitable for comparisons.
Single-Channel Thresholds
For each subject, thresholds on every channel were obtained for a 204-msec pulse train using three configurations: MP, pTP at a fixed current fraction of ϭ 0.5, and the largest common pTP fraction for which a threshold could be obtained on all 14 channels (either ϭ 1 or 0.9). For clarity, this latter configuration will be referred to as "TP," even when the fractional current is not strictly 1. (For one subject (S24), this fraction was 1; for all others, the fraction was 0.9). The term "pTP," unless specified, will be reserved for channels having a current fraction intermediate to the most restricted ( Յ 0.9) and the most broad ( ϭ 0, MP).
The lowest, median, and highest threshold channels obtained with the TP configuration for each subject were identified for further testing. Thresholds were measured for this subset of channels for several pTP fractions. All thresholds were measured with an adaptive two-down one-up, threeinterval, three-alternative forced-choice procedure that converged on the 70.7% correct point on the psychometric function (Levitt 1971) . Each run started at a level estimated to be suprathreshold, and subjects responded using a mouse to indicate the interval that contained the signal. Twelve reversals (i.e., changes in the direction of the signal level) were measured for each trial, and the levels for the last eight were averaged and taken as threshold. For the first two reversals, the signal was adjusted in 2-dB steps; for the other 10 reversals, it was adjusted in 0.5-dB steps. For each condition, at least two runs were collected and averaged. If the threshold of two runs differed by Ͼ1 dB, a third run was collected and all three runs were averaged. Generally, the third run's threshold was between those of the first two runs. The standard deviation for the last eight reversals from each run was measured; if the value exceeded 1 dB, the subject was given a break and threshold was subsequently remeasured. In addition, because large numbers of trials were also an indication of subject fatigue, the total number of trials per run was limited to 75. To reduce subject fatigue, conditions (e.g., thresholds, most comfortable level [MCL]) were alternated within each testing session as much as possible.
Most Comfortable Level
Accurate thresholds and MCLs were important for setting stimulus levels on the masker channels during the PTC procedure, which is described in the following subsection. The MCL was determined by presenting a pulse train just above threshold (204 msec pulse train, ϭ 0.5) and asking the subject to adjust the level by clicking one of two options labeled "up" and "down." The subject was asked to set the level to the subjective rating of "loud but comfortable," corresponding to 7 on the 1 to 10 clinical loudness rating scale (Advanced Bionics). The level was changed in 1-dB steps until the subject clicked the "down" button; thereafter, it was changed in 0.5-dB steps. At least two runs were collected and averaged for each MCL condition. If the two measured MCLs differed by Ͼ1 dB, a third run was completed and all three runs were averaged. For two electrodes in S23, MCL could not be reached because the current level for maximal loudness perception exceeded the compliance limits of the device. In those cases, the maximum compliance limit was used as the MCL, and gray symbols are indicated in the figures.
Psychophysical Tuning Curves
PTCs were measured using a forward masking paradigm in which the masker was a 204-msec pulse train, with the configuration fixed at a pTP fraction of ϭ 0.5. The masker threshold and MCL levels were then used to set the range of possible stimulus levels for each channel. Thresholds obtained in the first experiment with a pTP fraction of ϭ 0.5 determined the lower limit, whereas the measured MCL determined the upper limit.
The probe electrodes for each subject were those with the highest, lowest, and median single-channel TP thresholds (thresholds based on the largest pTP fraction possible, either 0.9 or 1). The probe, a 10.2-msec pulse train fixed at 3 dB above threshold, was presented 9.18 msec after the masker (Fig. 2) . Two configurations were used for the probe: MP ( ϭ 0) and the largest pTP fraction that would accommodate a current level 3 dB above threshold without exceeding the compliance limit. (For most subjects, the pTP fraction for the more restricted probe configuration was smaller than the one used to measure single-channel TP thresholds [i.e., Ͻ0.9].) The two types of probe stimuli will be referred in this article as "MP" and "pTP." The probe presentation level was calculated as 3 dB above the probe-only threshold using the same pTP fraction, where threshold was measured as described previously except that a 10.2-msec pulse train was used.
The level of the masker was adjusted to determine how much masking was required to just mask the probe. The masked thresholds were obtained using a procedure similar to the one described above for the probe, an adaptive, two-up one-down, three-alternative forced-choice tracking procedure. The masker was presented in all three intervals, whereas the probe was presented randomly, but with equal probability, in only one of the three intervals. The subject was asked to indicate which interval sounded "different." For each probe channel, the sequence of testing began with the masker presented on the same channel as the probe. The masking channel was then changed to other channels successively more distant from the probe channel. If masker threshold reached masker MCL in any condition, an indication that masking could not be achieved, this channel was determined to be the edge of the tuning curve. The apical and basal edges of each tuning curve were obtained in most conditions except when the probe channel was near the end of the electrode array. For some subjects, for completeness, if time allowed, masked thresholds were obtained for channels beyond the edge of the tuning curve (i.e., every other masker electrode) until the basal and apical ends were reached. The masker level was constrained at or below the MCL. Masker-alone threshold and MCL measurements were interleaved with PTC masking measurements to reduce the fatigue of the participants. The masker was a 204-msec pulse train that varied in stimulus level but was fixed with a pTP fraction of ϭ 0.5. The masker pulse train preceded the 10.2-msec probe pulse train by 9.18 msec. The probe configuration was either ϭ 0 or the largest sigma possible for each subject. The probe was fixed in level to 3 dB above threshold, unless otherwise specified. The masker varied in level to reach masked threshold, the amount of masking necessary to just mask the probe. The inset shows the biphasic pulses that made up both the masker and probe pulse trains. Pulses were 102 sec/phase presented at a rate of 918 pulses per second (interpulse interval of 0.8 msec). The inset shows two biphasic pulses from the pulse train.
In four subjects, additional PTCs were obtained with the probe level fixed at 1.5 or 2 dB above the probe-alone threshold, and the probe configuration was limited to ϭ 0. All other stimuli and procedures were the same as for the PTCs measured with a 3-dB probe level.
Quantifying PTCs
PTC data are shown in raw form as a function of masker level in decibels relative to 1 mA and normalized to the percentage of the masker-alone dynamic range. A unique aspect of this study is the consistent use of a restricted masker configuration of ϭ 0.5, which allows for comparisons of changes in tuning properties that can only be a result of the varying probe configuration. The fixed masker configuration also allows for the analysis of data normalized to percentage of masker-alone dynamic range, which reduces the effect of channel-to-channel variability in masker-alone levels. For instance, in some cases for which the MCL was relatively high and the PTC was relatively shallow (S22 highest threshold channel), the shape of the tuning curve is hard to discern. The normalized data were used to accurately identify the tip and data points to be analyzed from the PTCs.
To compute the slopes of the apical and basal sides of the PTCs, first the tip of the tuning curve (i.e., the lowest masker level required to mask the probe) was identified using the normalized masker levels. Once the tip was identified, the level for which the curve crossed 80% of masker dynamic range was used for the endpoint in either direction. Then, using the raw data points from the tip through the endpoint, a least-square error line was obtained, and the slope was calculated from that line in decibels per millimeter. In the few cases in which the tuning curve was shallow such that the data did not fall below 80%, the minimum was used as the tip, and the curve was fit to the point at which the data reached masker-alone MCL. In addition, the depths of the PTCs were taken as the difference between the minimum and maximum masker levels measured in decibels relative to 1 mA. Finally, the widths of the PTCs reported in millimeters were measured at 50% above the tip of the normalized PTCs. Figure 3 shows individual channel threshold data for each subject (rows). The data are plotted in two ways. The left column shows the threshold across all available channels for three different pTP fractions, whereas the right column shows the thresholds for the lowest, median, and highest threshold channels as a function of pTP fraction. In the left column, the ordinate shows thresholds in units of decibels relative to 1 mA, and the abscissa shows cochlear implant channel number from apical to basal. The symbols represent three pTP fractions denoted by : (1) the largest fraction possible for that subject (as indicated in the figure legend, either ϭ 0.9 or ϭ 1.0);
RESULTS
Single-Channel Thresholds
(2) a fraction of ϭ 0.5; and (3) a fraction of ϭ 0, which corresponds to MP. Note that the gray triangle for S23 indicates that the compliance limit was reached; therefore, this data point was below the true threshold for that channel. The level at the compliance limit, however, was higher than all other thresholds for this subject; therefore, it was taken as the highest threshold channel. The vertical dashed lines identify the channels selected for further testing; the channels with the highest, median, and lowest thresholds were obtained using TP. The thresholds systematically decreased as a function of pTP fraction; those obtained with TP were highest and those obtained with MP were the lowest (t test, Ն 0.9 versus ϭ 0.5, p Ͻ 0.05; Ն 0.9 versus ϭ 0, p Ͻ 0.05; ϭ 0.5 versus ϭ 0, p Ͻ 0.05). Channel-to-channel variability was quantified within a subject as either the standard deviation of the unsigned difference between thresholds of adjacent channels (Bierer 2007) or the mean of the unsigned difference in thresholds of adjacent channels . Both measures were included because the two measures emphasize different aspects of the data. The variability measure using standard deviation takes into account the expected channel-tochannel differences emphasizing local variability, whereas the mean emphasizes the absolute magnitude of the differences. A Channel Number pTP fraction (σ) Fig. 3 . Single-channel thresholds across subjects and configurations. In the left column, each panel shows the single-channel detection thresholds for a given subject (indicated in the top left corner). The abscissa represents cochlear implant channel from apical to basal, and the ordinate represents detection threshold in decibels relative to 1 mA. Electrode configuration is indicated by symbols and, for the triangles, is different for each subject. The vertical dashed lines indicate the lowest, median, and highest threshold channels obtained with the largest pTP fraction for each subject. In the right column, each panel shows the single-channel detection thresholds for a given subject as a function of partial tripolar fraction () on the abscissa. Symbols indicate the stimulus channel based on the threshold for the largest pTP fraction possible (corresponding to the vertical dashed lines in the left panels). The solid lines are the least-squared error calculations for each channel.
systematic decrease in variability as a function of pTP fraction was observed, with the greatest variability for ϭ 0.9 or 1.0 and the least for ϭ 0 (Table 2) (channel-to-channel variability based on both standard deviation and mean; paired t test, Յ 0.9 versus ϭ 0.5, p Ͻ 0.005; Ն 0.9 versus ϭ 0, p Ͻ 0.005; ϭ 0.5 versus ϭ 0, p Ͼ 0.05).
In the right column of Figure 3 , the data are plotted with threshold on the ordinate and pTP fraction on the abscissa. The different symbols represent the lowest, median, and highest threshold channels measured with TP. For each channel plotted, threshold generally increased systematically with pTP fraction, consistent with the expected narrowing of electrical field size. The slopes of the least-square error fits (solid lines) were computed for each of the three channels and are listed in Table 3 . The channels with the lowest thresholds (measured with TP) have shallow slopes with increasing . In contrast, the high-threshold channels have steep slopes. Note that for subjects S22 and S26, the thresholds measured for the lowest channels remained relatively constant despite the focusing of the electrode configuration.
Forward-Masked PTCs
Forward-masked PTCs were measured for each subject and for the experimental electrodes identified by single-channel thresholds: those with the highest and lowest threshold and sometimes the median (denoted by the vertical dashed lines in Fig. 3 ). The masker stimulus was always presented with a pTP fraction of ϭ 0.5, whereas the probe stimulus was either ϭ 0 or Ն 0.55 as denoted in the figure legend. Figure 4 illustrates PTCs for all subjects for the lowest (left column), median (middle), and the highest (right column) pTP threshold channels. The data represent the masker level required to just mask the fixed-level probe stimulus (ordinate), across individual masker channels (abscissa), and the different probe configurations are indicated by the symbols. The solid gray lines indicate the range of possible stimulation levels for the masker stimulus ( ϭ 0.5), representing the masker-alone threshold (lower bound) and masker-alone MCL (upper bound). The bold lines represent the best-fit line of the data used to calculate the slope, yielding a metric to quantify the sharpness of the tuning curves. Note that for S23, the gray symbols represent the two channels for which the masker-alone MCL was above the maximum current level possible for that subject.
The difference between threshold and MCL defines the dynamic range. In Figure 5 , the data are plotted as a function of masker-alone percent dynamic range (threshold [0%] to MCL [100%]) to further characterize the shape of the PTCs and to facilitate comparisons across subjects and channels. This normalization of the data is appropriate when the masker stimulus is the same for all of the sets of data within a given subject. As in Figure 3 , the symbols indicate the probe configurations used. The width of the PTC was measured at half maximum, as indicated by the horizontal lines. Note that for the lowest threshold channel of S23 (left), only the apical side of the tuning curve could be measured because the probe channel was the most basal channel. In this case, the width was measured from the probe channel to the edge of the curve at half-maximum and then doubled. For S24, high-threshold channel, ϭ 0 probe (right panel), the curve did not achieve a level of half-maximum on the apical side of the curve. In that case, the width is measured to the end of the electrode array and likely underestimates the width. For all other cases, the curves achieved a level of half-maximum on both sides of the curve. Note that width calculations for the median channels were not included for S24 and S26 because the curves were incomplete or not obtained. Also note that for S9 highest threshold channel and S24 low and high-threshold channels, a secondary peak is observed. One possible explanation for the secondary tips is cross-turn stimulation. Because the secondary tips are always basal to the probe electrode, these tips could not be a result of stimulating fibers of passage from more apical parts of the cochlea. Figure 6 summarizes the slope calculations of the tuning curves in Figure 4 . The left and right columns plot the slopes for the apical and basal sides of the tuning curves, respectively. The negative apical slopes are inverted. The top and middle rows plot the slopes for the ϭ 0 and Ն 0.55 configurations, respectively. Each subject is represented by a symbol, and the fill of the symbol indicates the lowest (open), median (gray), and highest (filled) pTP threshold channel (connected by dashed lines for a given subject). The slope of the tuning curves becomes progressively shallower from the lowest to highest threshold channel for both probe configurations. This trend is more pronounced for the apical than the basal side of the tuning curve. (Spearman rank correlation coefficient for the apical slope: MP probe, r ϭ Ϫ0.66, p ϭ 0.013; pTP probe, r ϭ Ϫ0.775, p ϭ 0.002. Basal slope: MP probe, r ϭ Ϫ0.22, p ϭ 0.5; pTP probe, r ϭ Ϫ0.469, p ϭ 0.124). The least-square error fits are shown by solid lines. (For the basal slopes, the line fits were performed after removing the outlying data points for subject S24. However, the correlation statistics include data from all subjects). A comparison of slopes between the two configurations is plotted in the lower row of panels, with the ϭ 0 data on the abscissa and Ն 0.55 on the ordinate. Slopes were steeper for the Ն 0.55 pTP condition for both the apical (Wilcoxon signed-rank test, p Ͻ 0.05) and basal (p Ͻ 0.01) sides of the PTCs. Figure 7 shows the PTC widths (left column) and depths (right column) measured for ϭ 0 (top row) and for Ն 0.55 (middle row). The depths of the PTCs were taken as the difference between the minimum and maximum masker levels measured in decibels relative to 1 mA. Conventions are as in Figure 6 . These results show the trend that widths measured for the highest threshold channel were wider and depths were smaller than the lowest threshold channel (Spearman rank correlation coefficient for PTC width: MP probe, r ϭ 0.47, p ϭ 0.105; pTP probe, r ϭ 0.476 p ϭ 0.10. PTC depth: MP probe, r ϭ Ϫ0.495, p ϭ 0.072; pTP probe, r ϭ Ϫ0.455, p ϭ 0.102). In addition, the widths were narrower for PTCs measured with pTP compared with ϭ 0 or MP (bottom row of Fig. 7 ; Wilcoxon signed-rank test, width, p Ͻ 0.005). However, no trend was observed in the depth measure of PTCs with changes in partial tripolar fraction (depth, p Ͼ 0.1).
Although the correlation analysis revealed statistical significance for only a subset of the PTC metrics as a function of TP threshold (see top two rows of Figs. 6 and 7) , for individual subjects, the PTCs were always wider and had shallower apical slopes for the highest threshold channels (Wilcoxon signedrank test, apical slope: MP probe, p ϭ 0.031; pTP probe, p ϭ 0.031. Width: MP probe, p ϭ 0.031; pTP probe, p ϭ 0.09). The basal slope was shallower for three of four subjects, and the PTC depth was shallower for four of five subjects for the highest threshold channels (Wilcoxon signed-rank test, basal slope: MP probe, p ϭ 0.125; pTP probe, p ϭ 0.062. Depth: MP probe, p ϭ 0.031; pTP probe, p ϭ 0.09). If the PTC metrics and thresholds are normalized relative to the mean for each subject, reducing the across subject variability, the trends described above are more pronounced. However, the data are not normalized because the relationships with the absolute TP thresholds are more clinically relevant.
PTCs with Low-Level Probe Stimuli
A second series of PTCs were obtained using a lower-level probe stimulus to clarify the possible influence of probe level on tuning properties. For example, in Figures 4 and 5 , some of the PTCs were shallow, which made slope, width, and depth calculations difficult. This effect was likely related to the relatively high probe level of 3 dB above threshold; a high probe level requires higher masker levels. In this second experiment, we measured PTCs with a fixed probe level of 1.5 dB above threshold (or 2 dB for S9) for the lowest and highest threshold channels in four subjects. For this series, the probe channel was not varied but was fixed to ϭ 0. Figure 8 Fig. 4 . Forward-masked psychophysical tuning curves (PTCs) for all subjects plotted using the raw masker levels that were measured as the masker level that just masked detection of the probe (ordinate in decibels [left] and mA [right] ). Subject is indicated in the top of the left panels. The left, middle, and right panels are PTCs for the lowest, median and highest threshold channels, respectively (as indicated in Figure 3 ). The shaded gray lines represent masker-alone threshold and most comfortable level. Symbols indicate the probe configuration, and vertical dashed lines indicate the probe channel. The bold lines indicate the slope of the best fit line from the estimated tip of the PTC to the point at which the data crosses 80% of the masker-alone dynamic range. The lines were extended for ease of viewing.
1.5 dB above threshold (indicated with filled circles) along with the previous PTC data collected with the probe fixed at 3 dB above threshold for comparison (unfilled circles). The results indicate that with a lower-level probe (1.5 or 2 dB above threshold), the tip of the tuning curve occurs lower in the dynamic range, meaning that less masker was required to just mask the probe. As for the previous set of PTCs, the slopes of the apical and basal sides were calculated and are shown with bold lines (see Fig. 10 for slope results). Figure 9 represents the PTCs for lower-level probe stimuli with the data normalized to percentage of masker-alone dynamic range in decibels. In all cases but one (S23 lowthreshold channel), the tip of the tuning curve is lower in the dynamic range for the 1.5-dB than the 3-dB probe level. As was done previously, the width of the PTCs was calculated at half-maximum (Fig. 10) . Figure 10 shows the summary data from the second experiment. Top panels show the apical (left) and basal (right) slopes of the PTCs for the lowest and highest threshold channels for a 1.5-dB probe stimulus. The least-square error fits are shown by the solid lines. The slopes were steeper for the lowest compared with the highest threshold channel, more so for the apical side than the basal side of the PTC (Spearman rank correlation coefficient for apical slope: r ϭ Ϫ0.857, p ϭ 0.007; basal slope: r ϭ Ϫ0.714, p ϭ 0.071; width: r ϭ 0.643, p ϭ 0.086; depth: r ϭ Ϫ0.5, p ϭ 0.207). The lower panels show the width (left) and depth (right) of the PTCs for those channels. The widths were larger for the highest threshold channel and the depths were smaller.
DISCUSSION
To summarize, the results of this study indicate that cochlear implant channels with high thresholds, when measured with a restricted electrode configuration, have relatively wide or tip-shifted PTCs (S9 and S24). This relationship between single-channel thresholds and tuning curve metrics suggests that the high thresholds observed for some channels are the result of a poor interface between those channels and nearby spiral ganglion neurons. These preliminary findings suggest that the measurement of single-channel thresholds using a restricted electrode configuration, such as TP or pTP, could be a simple yet effective clinical tool to identify impaired electrodes.
Single-Channel Thresholds
This study showed a systematic increase in threshold level and threshold variability with more focused stimulation (Fig.  3) , extending the previous findings of studies comparing MP and BP ( Fig. 5 . Forward-masked psychophysical tuning curves (PTCs) for all subjects plotted using the masker levels relative to the percentage of maskeralone dynamic range in decibels (masker-alone MCL -masker-alone threshold) (ordinate). Conventions are as in Figure 4 . Each row shows PTCs for a given subject indicated in the top of the left panels. The left, middle and right panels represent low-, median-and high-threshold probe channels, respectively. The width was measured at half-maximum indicated by the horizontal line. studies hypothesized that the electrodes with high thresholds were likely interfacing poorly with nearby spiral ganglion neurons. A close examination of the data from this study supports this theory. Specifically, it would be expected that electrodes having a good electrode-to-neuron interface would be relatively unaffected by pTP current fraction because viable neurons are sufficiently close that the electrical field does not need to be broad to achieve a threshold level of activation. Indeed, for subjects S22 and S26, threshold did not change appreciably as a function of pTP fraction for the channel having the lowest TP threshold (Fig. 3, right column) . In contrast, electrodes that are not in close proximity to viable neurons would require a lot of additional current to achieve threshold (i.e., to activate more distant neurons) when using the TP configuration because the electrical field broadens slowly with current; only a small amount of additional current would be necessary for the MP configuration to activate the same distant neurons. In this study, at least half of the electrodes for each subject exhibited a substantial difference between TP and MP thresholds (Fig. 3, left column) . In two subjects (S9 and S24), nearly all electrodes had this property. Thus, "good" electrode-neuron interfaces, based on the above description, were not prevalent in our population of cochlear implant subjects.
Psychophysical Tuning Curves
If a high TP threshold is indeed due to a poor electrodeneuron interface, as hypothesized above, a PTC applied to such a channel should show some deficit in spectral or spatial selectivity. Because a high-threshold probe channel would be activating spiral ganglion neurons that are displaced longitudinally along the cochlea, the best masking channels would also be displaced, leading to tip-shifted or wide tuning curves (i.e., poor selectivity). The two major findings of this study are consistent with this proposed mechanism: (1) PTCs were wider, with shallower slopes and depths, for the highest TP threshold channels; and (2) PTCs were sharper with a TP probe configuration.
Pairwise comparisons of implant channels tested in the same subject showed that the channel with the highest TP threshold consistently exhibited poorer spatial selectivity. With the more restricted pTP probe, apical and basal slopes were generally shallower, and tuning curve widths were greater for the high-threshold channel. Interestingly, these PTC properties also exhibited differences when an MP probe was used. Furthermore, when the subject data were pooled and the median-threshold channels were included, apical slope was significantly and inversely correlated with TP threshold, whereas the other tuning curve metrics showed similar trends but were not statistically significant. Together, these results show the strong relationship between high TP thresholds and low spatial selectivity, implying that such channels are interfacing poorly with nearby auditory neurons. In contrast, thresh- olds measured with the MP configuration would not be predictive of spatial selectivity because of the uniformity of MP thresholds within and across subjects. Previous studies examining forward-masked tuning properties have reported variability across subjects and, when multiple channels were tested in individual subjects, variability among channels. A recent study by Hughes and Stille (2008) compared PTCs of channels based on their apical to basal position in the cochlea. They did not find tuning properties to be affected by channel location. Our study supports this finding. Specifically, in the five subjects who participated in this study, one subject's highest threshold channel was located basally, one was apical, and three were in the middle part of the array. Thus, the source of channel-to-channel variability in tuning properties was likely not related to cochlear position. Rather, much of the variability in this and previous studies may be explained by the nature of the electrode-to-neuron interface as assessed by TP threshold.
Another goal of this study was to show whether restricted electrode configurations produce narrower PTCs than the MP configuration, given the inconsistent findings reported by previous investigators with forward masking patterns (Shannon 1990; Boex et al. 2003; Cohen et al. 2003; Chatterjee et al. 2006; Kwon & van den Honert 2006) and PTCs (Nelson et al. 2008) . A major source of variability in the previous studies may have been how the channels were selected: either one channel was chosen in the middle of the array or several channels were chosen to be distributed along the cochlea (e.g., apical, middle, or basal). As suggested by the current results, other factors of variability among channels may have obscured a modest effect of electrode configuration on the masking patterns. In this study, the channels were selected based on single-channel threshold patterns measured with TP. Significantly sharper tuning was observed for the pTP probe configuration with no observable trend with the longitudinal cochlear position. On the other hand, low-threshold TP channels showed a stronger effect of configuration than the high-threshold channels. Another difference is that in this study a potentially more restricted configuration, pTP, was used for the probe channel. In all of the previous studies mentioned above, the masker and probe configurations were varied in tandem, making comparisons of configuration effect more tentative. Because the configuration changes in this study were applied only to the probe stimulus (masker was fixed to ϭ 0.5), the changes in tuning (i.e., wider tuning with MP than pTP) were primarily a reflection of probe configuration.
Acoustical Versus Electrical PTCs
Acoustic studies have used PTCs extensively to identify putative cochlear dead regions (Moore & Alcantara 2001) . These studies have shown relatively wide tuning for areas of presumed cochlear dead regions as well as shifts in the location of tuning curve tips away from the probe frequency. The wider tuning curves likely reflected the loss of the active mechanism normally provided by outer hair cells. A shift in tip location was interpreted as off-place activation of the nearest area of healthy inner hair cells and/or spiral ganglion neurons (Moore & Alcantara 2001) . In this study, we observed similar effects, with relatively wide electrical tuning curves obtained from channels having a putatively poor electrode-neuron interface as identified by high TP thresholds. In the case of cochlear implant listeners, we presume that the increase in width of tuning does not reflect a loss of outer hair cells. Rather, it is a result of the greater current spread necessary to activate the nearest viable neurons that may be distant from the probe electrode. Not only were PTCs wider for the highest threshold channels, but shifts in tip location were observed for two of the five subjects (S9 and S24; Figs. 4 and 5) . Tip shifts did not occur for any subjects for their low-threshold channels.
In acoustic hearing, an increase in probe level results in wider PTCs because at low levels the nonlinear outer hair cells dominate the cochlear response (Huss & Moore 2003) , whereas at higher stimulus levels, passive mechanical processes dominate (Nelson & Fortune 1991; Nelson & Donaldson 2001) . In contrast, we did not observe a consistent effect of probe level for individual channels (Figs. 8 and 9 ) in support of the findings of Nelson et al. (2008) . Therefore, the wider tuning properties for high-threshold TP channels cannot be explained by the relatively high probe levels required. Additional evidence against a probe level effect is apparent from a close inspection of the MP probe data. Specifically, for S9 and S26, approximately the same MP probe level was used for the lowand high-threshold TP channels; however, the PTCs in each subject were clearly wider for the high-threshold channel.
Clinical Implications
The results of this study, along with previous studies showing substantial channel-to-channel variability in singlechannel thresholds, suggest that implant channels are not equivalent in sensitivity or spectral resolution. These findings may be relevant to the existing clinical techniques used to map cochlear implant channels. For example, if an audiologist could identify channels with a poor electrode-neuron interface based on TP thresholds, he or she might consider removing those channels from the patient's speech processing strategies, even if the sound-processing strategy uses the MP configuration. On close examination of the data, plotting PTC metrics as a function of TP threshold (Figs. 6, 7, and 10), it seems that a TP threshold greater than approximately Ϫ15 dB relative to 1 mA corresponds with broad PTCs. That finding could potentially be applied clinically as a screening tool to identify electrodes with poor spatial selectivity.
Furthermore, if a restricted configuration is preferred, the audiologist could optimize each channel for the most restricted pTP fraction that allows for reasonable thresholds and complete growth of loudness. Although recent studies have shown only modest improvements in spectral resolution and speechin-noise tasks when using pTP stimulation strategies (Mens & Berenstein 2005; Berenstein et al. 2008) , additional improvement might have been obtained if the pTP parameters had been optimized for each channel.
In addition to these findings, the lower current level requirements with pTP compared with true TP or BP configurations reduces one of the major limitations of using focused electrode configurations in sound processing strategies. The use of the pTP configuration also reduces the previous limitation of reduced growth of loudness by allowing stimulus levels to reach MCLs within the compliance limits of the device.
Future Directions
Measuring PTCs in a clinical setting is not practical because of time constraints in clinical practice and possible patient fatigue. However, it might be feasible to measure TP or pTP thresholds to make mapping decisions in a clinical setting. Future experiments will also explore the use of evoked potentials in the prediction of impaired cochlear implant channels.
Studies that examine spread of excitation patterns for individual channels (PTC shape or masking patterns) often do not relate those measures to speech perception (Chatterjee et al. 2006; Kwon & van den Honert 2006) . Those authors suggest that a relationship is unlikely because the one or two channels tested in each subject are not representative of the implant as a whole. However, a relationship between speech perception and the tuning properties of individual channels might be found if the most and least spatially selective channel of each listener could be identified. This study suggests that single-channel TP thresholds would be an effective tool for identifying such channels. Unfortunately, speech perception was not explored in this study because all the subjects had excellent speech scores that were similar to one another (Table 1) . Future studies will seek to include subjects with a range of speech perception abilities.
